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Cr(VI) is a generally existing pollutant in water, being highly toxic, carcinogenic, mutagenic, 
and teratogenic. Traditionally detoxification of Cr(VI) is through adsorption, chemical 
reduction, electrochemical reduction, ion exchange and biological reduction. In this work, 
we applied novel photocatalytic reduction method for the detoxification and removal of 
Cr(VI) in wastewater. In order to efficiently reduce Cr(VI) to Cr(III) and remove both 
species simultaneously, TiO2 was functionalized with organic amines through silane 
coupling. Catalyst characterization includes FESEM, EDS, FTIR, TGA, BET and XRD 
analysis. Photocatalytic performance under UV light and the subsequent adsorption of 
chromium species were investigated. Experimental results show that organic 
amine-functionalized TiO2-NH2 performs significantly better than original TiO2 in both 
photocatalytic activity and adsorption. Reduction rate of Cr(VI) was much faster at pH 3-5 
and with higher TiO2-NH2 dosage. Characterization results confirm successful amine 
functionalization, which plays a key role in the photocatalytic reduction & adsorption 
process of Cr(VI) through coordination of N 2p electrons on amine to the empty 3d orbitals 
of chromium species. XRD and BET analysis reveal that higher crystallinity and surface area 
on TiO2-NH2 also contributes to the Cr removal via chemisorption instead of physisorption. 
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Chapter 1 Introduction 
1.1 Background 
With the rapid development of industry, a large amount of industrial wastewater was 
produced, which has a great threat to human life and health. Even though the industrial 
wastewater has drawn increasing attentions, the industrial wastewater treatment capacity 
cannot catch up with the scale of industrial water use, which leading to part of industrial 
wastewater released to the environment. Heavy metal pollutants, as common components of 
industrial wastewater, are highly toxic and non-biodegradable, which can be accumulated in 
the food chain and has a great risk in the environment. As an significant industrial material, 
hexavalent chromium is commonly employed in electroplating, dyes, leather and 
metallurgical industry; these industries will produce large amounts of chromium containing 
wastewater (Yang & Lee 2006). The produced wastewater will inevitably enter into the 
environment and induce serious problems to human life. 
1.2 Hexavalent Chromium 
In the water body, the chromium mainly exists in the form of trivalent chromium (Cr(III)) 
and hexavalent chromium (Cr(VI)). The toxicity of Cr(VI) is very high, which is strongly 
carcinogenic and one of the main heavy metal pollutants in environment (CieslakGolonka 
1996). However, Cr(III) is one of the essential trace elements, which plays an crucial role in 
regulating glucose metabolism, lipid metabolism and protein metabolism, and easily to 
precipitate when pH>5 in water (Mertz 1993). 
Cr(VI) could be absorbed by human body; it can pass through the digestive tract, respiratory 





might cause cancer. In living organisms, Cr(VI) could enter the cell, resulting in the 
formation of oxidative free radicals, or even leading to carcinogenesis or gene mutations 
(Ramirez-Diaz et al. 2008). 
Usually, the carcinogenesis and mutagenesis of Cr (VI) are caused by the following two 
ways: (1) Cr(VI) entered into the cell and reduced to Cr(III) by some reductase or cell 
component, the generated Cr(III) will cause protein and DNA damage; (2) The Cr(VI) 
reduction process will produce some oxidative free radicals, these free radicals could 
damage proteins and DNA, then induce cancer or mutation (CieslakGolonka 1996; Bagchi et 
al. 2002). Cr(VI) has very strong oxidation ability and high solubility in water, which is 
easily to migrate and concentrated in the living organisms. Skin contact with Cr(VI) could 
cause skin burns, contact dermatitis, or even the refractory chrome ulcer. Exposure to small 
amounts of Cr(VI) could cause nasal discomfort, ulceration or perforation of the nasal 
septum. Moreover, the long-term exposure to Cr(VI) will cause anemia, inflammation, 
pulmonary fibrosis, cardiac disease, kidney, liver damage and even cancer (Bagchi et al. 
2002; Kang et al. 2007). Because of the severity of Cr(VI) in water pollution, the standards 
for Cr(VI) of water quality were strictly carried out to protect human being’s health. For 
example, in domestic water supplies the maximum concentration of Cr(VI) allowed is 0.05 
ppm (U.S.EPA 1980). However, Cr(III) in vitro is not easily to enter the human body and 
will precipitate in water, which is very stable (He et al. 2013). 
1.3 Traditional method of treating Cr(VI) 
Since the toxicity of Cr(VI) is hundred times of Cr(III), the common method of treating 
Cr(VI) is converting Cr(VI) to Cr(III). The traditional methods of treating Cr(VI) containing 
wastewater are adsorption method, chemical reduction deposition, electrochemical method, 






Adsorption is a method of treating Cr(VI) wastewater by using the porous adsorption 
materials. The most commonly used adsorption materials are two categories: the first 
category is inorganic adsorbent materials, such as activated carbon, fly ash, zeolite, metal 
oxides and so on, which have high adsorption efficiency. The second category is natural 
organic biomass adsorption materials, which surface are rich of various functional groups 
(hydroxyl, carboxyl, amino, thiol), such as pine needles, hazelnut shell, wheat ash, grape 
stems, banana, peanut shell, chestnut shell, rice bran, chitin, soybean meal and so on. Wang 
et al. (Wang et al. 2013) used the amino-functionalized titanate nanotubes to adsorb Cr(VI), 
the capacity of adsorption was up to 153.85 mg g-1, which remove efficiency was very high. 
Parida et al. (Parida et al. 2012) has used the TiO2-MCM-41 to adsorb Cr(VI), which could 
remove 91% of 100 mg L-1 Cr(VI) efficiently. 
1.3.2 Chemical reduction deposition 
Chemical reduction deposition method is using reducing agents to reduce Cr(VI) to Cr(III) in 
wastewater, then adjusting the pH to precipitate Cr(III) by adding alkaline substances. The 
commonly used reducing agents are lime, limestone, scrapped iron, ferrous sulfate, sulfite 
and so on (Barakat 2011). The chemical reduction precipitation method has the advantages 
of mature technology, inexpensive equipment requirement and simple operation. However, 
this method needs to consume a large amount of reducing agent, acid and alkali solution, and 
will produce a large amount of sludge, which would cause secondary pollution if not 
disposed properly (Fan et al. 2011). 
1.3.3 Electrochemical method 





dissolved and producing ferrous ions, which can reduce Cr(VI) to Cr(III) under acidic 
conditions (Barrera-Diaz et al. 2012). In addition, as the electrolysis reaction progressing, 
the hydrogen ion will be gradually consumed, resulting in the rise of pH. When pH is higher 
than 5, Cr(III) will start to precipitate. Heidmann and Calmano (Heidmann & Calmano 2008) 
treated Cr(VI) model wastewater in laboratory scale using an electrocoagulation system with 
iron electrodes, 10 mg L-1 Cr(VI) could be completely removed from the water after 45 min. 
The advantages of electrochemical method are stable operation and simple operation 
management. However, in electrolysis process, the electrode consumption is high, corrosion 
is serious and operation cost is high. 
1.3.4 Ion exchange method 
Ion exchange method is using the ion exchange resin to remove pollutants from wastewater, 
which combining the effect of ion exchange, physical adsorption and charge neutralization. 
Since the existence form of Cr(VI) in water is dependent on pH value, in acidic condition, 
Cr(VI) generally appears in the form of Cr2O72- and HCrO4-, in neutral condition, Cr(VI) 
generally appears in the form of CrO42- ions. Therefore, the anion exchange resin could be 
used to treat Cr(VI). Dong et al. (Dong et al. 2014) using hybrid anion exchange membranes 
based on QPVA effectively removed the Cr(VI) in water, and the recycling efficiency of the 
hybrid membrane was more than 90%. Ion exchange method has the advantages of high 
selectivity and high treatment efficiency, but this method has high requirements on the 
stability of the resin, complex equipments, complicated operation and high initial investment. 







Bio-reduction of Cr(VI) is using microbes converting Cr(VI) to Cr(III) by their own 
metabolism. The first reported was a Pseudomonas strain, which could remove Cr(VI) under 
anaerobic condition (Romanenko & Korenkov 1977). The bacteria species that have Cr(VI) 
reduction ability are very broad, including Pseudomonas, Bacillus, Microbacterium, 
Escherichia coli and so on. For instance, Wani et al. (Wani et al. 2007) isolated a 
Burkholderia cepacia strain from the alkaline crater lake, which could reduce 98% of the 75 
mg L-1 Cr(VI) in 36 h. The microbial treatment of Cr(VI) has advantages of little investment, 
low operation cost and no secondary pollution. 
1.4 Photocatalytic reduction of Cr(VI) 
Photocatalytic method is using the semiconductors to remove pollutants from wastewater 
under the irradiation of light. After the semiconductor irradiated by UV light or visible light, 
the electrons on valence band (VB) would absorb the energy and promoted to the conduction 
band (CB), producing a positive charged hole on the VB. The reducibility of electrons and 
oxidability of holes could be utilized to simultaneously reduce Cr(VI) and oxidize organic 
matters in water (Wang et al. 2008). The commonly used semiconductors are titanium 
dioxide, zinc oxide, tin oxide, zirconium oxide, cadmium sulfide and so on. Photocatalytic 
process could use visible light and UV light, which has advantages of low cost and high 
efficiency. 
1.4.1 Photocatalytic reduction of Cr(VI) by TiO2 
Among the different semiconductors, nano-sized titanium dioxide has attracted widely 





high quantum yield (Sun et al. 2014). Due to the small size of nano particles, the ability of 
nano TiO2 to absorb UV light is much stronger than ordinary TiO2. Moreover, because of its 
special surface effect and size effect, nano TiO2 has very high chemical activity, which can 
be used as catalyst, catalyst carrier or adsorbent. In 1972, it was firstly reported that 
electrochemical photolysis of H2O by TiO2 electrode (Fujishima & Honda 1972). In 1977, 
the TiO2 powder was used to photocatalytically oxidize cyanide ion in aqueous solutions 
(Frank & Bard 1977), starting the application of TiO2 photocatalysis in the field of 
wastewater treatment and air purification. Furthermore, TiO2 has been widely investigated 
on treating Cr(VI) wastewater. In 2001, the reduction of Cr(VI) by TiO2 under UV light was 
investigated in various conditions (Ku & Jung 2001). In 2002, TiO2 was used to 
simultaneously remove Cr(VI) and S Kong Luranzol dye under UV irradiation in a slurry 
reactor (Schrank et al. 2002). In 2008, the photocatalytic reduction of Cr(VI) by various 
TiO2 and the influences of dissolved organic species were investigated (Wang et al. 2008). 
In 2010, TiO2 was modified by small molecule organic acid and could effectively reduce 
Cr(VI) under visible light irradiation (Wang et al. 2010). In 2012, TiO2/CNTs was 
synthesized to photocatalytic reduce Cr(VI) and degrade phenol simultaneously, which 
confirming the synergistic effect caused by CNTs (Huang et al. 2012). 
1.4.2 Photocatalysis mechanism of TiO2 
TiO2 has some unique photoelectric properties, namely the nature of photocatalytic 
properties and photoelectric conversion. Figure 1-1 illustrates the mechanism of TiO2 
photocatalysis mechanism. The band structure of TiO2 semiconductor consists of VB and 
CB, when the light energy is bigger than the bandgap (Eg), especially with the irradiation of 
UV light (wavelength less than 387.5 nm), the electrons in the VB would be excited into the 





charged holes in the VB. There are several main processes during the photocatalysis process 
as shown in Figure 1-1: (a) electron and hole generation; (b) oxidation of donor (D); (c) 
reduction of acceptor (A); (d) and (e) electron and hole recombined on the surface and in 
bulk. The procedure of photocatalytic removal of Cr(VI) by TiO2 includes the following 
steps: the TiO2 particles adsorb Cr(VI) ions from the aqueous solution; after irradiation, the 
excited electrons transfer to the surface of the particles; Cr(VI) ions obtain electrons and 
reduced to Cr(III). 
 
Figure 1-1 Photocatalysis mechanism of semiconductor (Carp et al. 2004) 
 
1.4.3 Synthesis method of TiO2 
Based on the required properties, structure, size and purpose, different preparation methods 
could be used to synthesize TiO2. According to the different raw materials, the preparation 
methods could be divided into two categories: liquid phase routes and gas phase routes. The 
commonly used liquid phase methods are sol–gel method, hydrothermal method, 
precipitation method and hydrolysis method. Among these methods, the hydrothermal 





with water as solvent at a certain temperature and pressure in a closed system (Liu et al. 
2014a). The heating temperature is generally higher than 100 °C, and pressure is bigger than 
101.3 KPa. The advantage of hydrothermal method is preventing the formation of hard 
agglomeration. Gas phase method is generally used in synthesizing thin films, including 
chemical vapor deposition (CVD), spray pyrolysis deposition (SPD) and physical vapor 
deposition (PVD). Among them, CVD is the most widely used technology, which could 
produce ceramic and semiconductor thin films. 
1.4.4 Modification of TiO2 
The oxidation and reduction ability of photocatalytic materials is highly related with the 
number of electrons and holes produced. On the surface of photocatalytic materials, the 
electrons and holes are very easily to recombine. In order to promote the photocatalysis 
efficiency, many investigations were carried out to avoid the electron-hole recombination. At 
present, the main methods to promote the photocatalysis efficiency are noble metal 
deposition, metal ion/nonmetal ion doping, coupling with other semiconductors, surface 
sensitization, surface fluorination and so on. After the above treatments, the surface structure 
and composition of the catalyst would be improved significantly, and some new 
characteristics could be produced, which would improve the photocatalytic performance 
(Kumar & Devi 2011). 
1.5 Objectives and scope of the dissertation 
Even though many researches have been done in the field of photocatalytic reducing Cr(VI), 
however, seldom work was focused on how to deal with the reduced Cr(III), which also 
presents great threat to the environment and human beings. Cr(III) was commonly treated by 





alkaline reagents. The additional reagents are usually not environmental friendly and 
recyclable. The precipitation process need high cost and produce large amounts of sludge, 
which might cause secondary pollution. Therefore, simultaneous reducing Cr(VI) to Cr(III) 
and their removal are the focus of this study. The objective of this project is to functionalize 
TiO2 by organic amines to improve its photocatalytic efficiency for reducing Cr(VI) to Cr(III) 
and adsorption of both species simultaneously. 




Chapter 2 Materials and Method 
2.1 Reagents and solutions 
1000 mg/L Cr(VI) was prepared by weighing 2.829 grams of potassium dichromate, which 
has been dried at 120 ºC for 2 h, dissolving in 1000 mL of DI water. 10 mg/L Cr(VI) was 
prepared by diluting 5 mL stock solution to 500 mL. Diphenylcarbazide solution was 
prepared by weighing 0.2 g 1,5-diphenylcarbazide, dissolving in 50 mL acetone and 50 mL 
DI water. 1:1 Sulfuric acid solution and 1:1 phosphoric acid solution were prepared by 
diluting 25 mL acid to 25 mL DI water. A solution of 100 µg/L Cr(VI) was prepared by 
diluting 1 mL Cr(VI) standard solution (10 mg/L) in 100 mL of 2% HNO3. Different 
concentrations of Cr standard solution were prepared by diluting different volume of 100 
µg/L Cr(VI) solution to 50 mL of 2% HNO3 for ICP-MS analysis. NaOH solution (0.5 M) 
and HCl solution (0.5 M) were prepared by diluting 2 g of NaOH or 4.15 mL of 37% HCl to 
100 mL of water, respectively. NH3·H2O solution (0.6 M) was prepared by diluting 8.5 mL 
of 25% NH3·H2O to 250 mL of water. 
2.2 Apparatus 
A UV–vis spectrophotometer (DR5000, Hach, USA) with a 10-mm quartz cell was used to 
measure absorption. A pH meter (827 pH lab, Metrohm, Switzerland) was used for adjusting 
the pH of different solutions. An oven (Beschickung-Loading Modell 100-800, Memmert, 
Germany) was used to dry samples. A muffle furnace (ELF 11/6B, Carbolite, UK) was used 
to calcine materials. An ultrasonic apparatus (S30H, Elmasonic, Germany) was used for 
washing all containers and glasses. An inductively coupled plasma-mass spectrometry 
(ICP-MS 7500 cx, Agilent, USA) equipped with an ASX-500 series autosampler was 




employed for determining the Total Cr concentrations. An IR spectrum system 
(IRPrestige21, Shimadzu Corporation, Japan) equipped with a Rotary vacuum pump (SA18, 
Shimadzu Emit Co. Ltd., Japan) was used to analyze the IR spectrum of various TiO2. The 
size and composition of various TiO2 were analyzed by a FESEM (Field Emission Scanning 
Electron Microscopy) system (JSM-6701F, JEOL, Japan) with an EDS (Energy-dispersive 
X-ray spectroscopy) system (JED-2300, JEOL, Japan). BET tests were carried on an ASAP 
2020 system (Micromeritics, USA). The structure was analyzed by a powder XRD (X-ray 
diffraction) system (Diffractometer D5005, Simens, Germany), which was equipped with a 
radiation source of Cu Kα. Thermogravimetric analysis was carried on a Discovery TGA 
instrument, which can provide the temperature range from room temperature to 1000 °C. 
2.3 Preparation of TiO2 
TiO2 was synthesized by the sol-gel method, as shown in Figure 2-1. 20 grams of 
TiOSO4·nH2O (Sigma, USA) was added into 100 mL of ethanol and 400 mL of DI water. 
The solution was gradually heated to 90 °C for hydrolysis. The hydrolyzed slurry was 
washed with NH3·H2O solution and ethanol. Then it was calcined at 600 °C for 1 h.  






Figure 2-1 Diagram of synthesizing TiO2 
2.4 Amine-functionalization of TiO2 
The synthesized TiO2 was modified by silane coupling agent. The silane coupling agent used 
was 3-(2-Aminoethylamino)-propyltrimethoxysilane (AAPTMS) (Fluka, USA). The 
modification set up was shown in Figure 2-2. TiO2 was first dried at 110 °C for 3 h to 
remove moisture. Then 0.5 grams of TiO2 and a certain volume (1, 1.25, 1.5, 1.75 mL) of 
AAPTMS were added into 50 mL of ethanol and heated to 70 °C for refluxing 5 h with 
stirring. After the reaction, allow the system stand overnight and separate the solid phase 
from the aqueous phase. Wash the powder with ethanol three times and dry overnight in 
oven at 60 °C. Then grind the powder for 15 min for the next use, which was named as 
TiO2-NH2. 






Figure 2-2 Diagram of modifying TiO2 
2.5 Cr(VI) reduction under UV light 
The synthesized TiO2 and TiO2–NH2 were used to photocatalytically reduce Cr(VI) to Cr(III) 
under UV light and adsorb Cr(III). The set up was as shown in Figure 2-3. A 100 W mercury 
lamp with a monochromatic wavelength of 365 nm was used as the ultraviolet light source 
with a light intensity 18 mw/cm2. In the photocatalytic experiment, 0.025 g of catalyst was 
added into 25 mL of 20 mg/L Cr(VI) solution (catalyst dosage is 1 g/L) in a 50 mL beaker 
and the pH was adjusted to 3 by NaOH solution and HCl solution. Initially the beaker was 
placed in dark and stirred at for 30 min to reach the adsorption-desorption equilibrium, then 
irradiated with UV-light for 3 hours with stirring. 0.5 mL of aliquots were taken at fixed 
time intervals and centrifuged at 10,000 rpm for 2 min. The liquid was obtained for Cr(VI) 
and Total Cr (III and VI) analysis. The Cr(VI) concentration was measured by 




diphenylcarbazide spectrophotometric method and the total concentration of Cr was 
measured by ICP-MS.  
To compare the performance of photocatalytic reduction and adsorption between pure TiO2 
and functionalized TiO2, TiO2 and TiO2-NH2 were investigated at the same condition as 
described above. Then different modified TiO2 by different volume of silane solution (1 mL, 
1.25 mL, 1.5 mL, 1.75 mL) were investigated at initial pH of 5. To study the effect of pH, 
the initial pH was adjusted to 1, 2, 3, 4, 5, 6, 7, 8 and 9 using the TiO2-NH2. To investigate 
the effect of initial Cr(VI) concentrations, the initial Cr(VI) concentrations were adjusted to 
10, 20 and 30 mg/L. To study the effect of TiO2-NH2 dosage, the catalyst dosage was 




Figure 2-3 Diagram of Cr(VI) reduction under UV light 




2.6 Analytical methods 
2.6.1 Determination of Cr(VI) 
The Cr(VI) concentration in reaction system was measured by diphenylcarbazide (DPCI) 
spectrophotometric method. The principle of color development for Cr(VI) detection is as 
shown in Figure 2-4. In the acidic condition (sulfuric acid and phosphoric acid), DPCI would 
be oxidized to diphenylcarbazone (DPCO) by Cr(VI), simultaneously Cr(VI) reduced to 
Cr(III), subsequently the produced DPCO and Cr(III) would form a intense magenta color 
complex, which has largest absorption at 540 nm. The measured absorbance is linearly 
correlated with Cr(VI) concentration. 
 
Figure 2-4 Principle of color development for Cr(VI) detection 
 
The method for determines Cr(VI) concentration is as follows. In a 10 mL colorimetric tube, 
dilute a known volume of aqueous sample (Cr(VI)<5 µg) to 5 mL, add 0.05 mL 1:1 
phosphoric acid, 0.05 mL 1:1 sulfuric acid, and 0.2 mL diphenylcarbazide solution. Let the 
mixture stay for 5-10 min for completely color reaction. Then the mixture was measured at 
540 nm and the absorbance was recorded. A blank test of DI water was determined as the 
reference. 
The calibration curve of Cr(VI) was shown in Figure 2-5. The calibration curve y=0.1576x 
(R2=0.9992) (y referred to the absorbance and x meant the concentration of Cr(VI), mg/L) 
revealed that this method was accurate enough to determine Cr(VI) concentration. 





Figure 2-5 Calibration curve for Cr(VI) 
 
2.6.2 Determination of Total Cr 
Total chromium was measured using an inductively coupled plasma-mass spectrometry 
(ICP-MS) after filtration with 0.22 µm hydrophilic filter membrane. The standard curve for 
Total Cr calibration was shown in Table 2-1.  









0 -36.32 602.7 0.983 
500 486.4 5084 1.911 
1000 998.1 9470 2.687 
2500 2545 22730 1.073 
5000 5061 44290 1.343 
7500 7448 64760 1.675 
10000 9998 86620 0.902 




The calibration of Total Cr was shown in Figure 2-6. The calibration curve 
y=8.5720x+914.17 (R2=0.9999) (y referred to the absorbance and x meant the Total Cr 
concentration, ng L-1) revealed that this method was accurate enough to determine Total Cr 
concentration. 
 
Figure 2-6 Calibration curve for Total Cr 
2.7 Characterization of catalyst 
The catalysts TiO2, TiO2-NH2 and TiO2-NH2 after photocatalytic reaction (defined as 
TiO2-NH2-Cr) were characterized by different techniques: FESEM, EDS, FTIR, TGA, BET 
and XRD. 
2.7.1 FESEM & EDS analysis 
The JEOL JSM-6701F SEM with EDS system was using a cold field emission. The 
accelerating voltage was variable from 0.5 kV to 30 kV and magnification was variable from 
x25 to x650000. The resolution of EDS system was around 136 eV. Samples were firstly 




dried at 60 °C overnight for FESEM & EDS analysis. Before put on the specimen holder for 
SEM analysis, the samples must be coated with Pt. 
2.7.2 FTIR analysis 
Weigh about 0.0023 g sample and add into 0.45 g KBr (proportion is 0.5%), then grind for 
10 min and dry at 80 °C for 2 h. Use the Rotary vacuum pump to press the mixture powder 
to a 1 mm pellet. The pellet was put into IR system and scanned from 400 to 4000 cm-1. 
2.7.3 TGA analysis 
Samples were firstly dried at 60 °C overnight for TGA analysis. The thermogravimetric 
analysis was tested from room temperature to 900 °C with a heating rate of 10 °C /min in 
pure N2 gas. 
2.7.4 BET analysis 
Before BET analysis, samples were degased at 110 °C for about 10 hours under liquid 
nitrogen condition. The analysis was utilizing the N2 adsorption and desorption isotherms at 
77 K. The specific area was investigated by BET method from the linear part of BET plot 
(IUPAC recommended), which calculated by the relative pressure (P/P0) = 0.05-0.23 
adsorption isotherm. The pore size distribution and the pore volume were investigated by 
BJH method, which calculated by the maximum amount of adsorption at P/P0 of 0.99. 
2.7.5 XRD analysis 
Samples were firstly dried at 60 °C overnight for XRD analysis. The accelerating voltage 
and current were 40 kV and 40 mA, respectively. The scanning range of 2θ was from 2 to 
80°, with a step size of 0.02°/s.




Chapter 3 Cr(VI) reduction and adsorption under UV light 
3.1 Cr(VI) reduction and adsorption by TiO2 and TiO2-NH2 
In order to compare the performance of synthesized TiO2 and modified TiO2 photocatalytic 
reduction and adsorption of Cr(VI), TiO2 and TiO2-NH2 were used to photocatalytically 
reduce Cr(VI) to Cr(III) and adsorb Cr(III) under UV light. The results were shown in Figure 
3-1 (removal of Cr(VI)) and Figure 3-2 (removal of Total Cr). The first 30 minutes was the 
adsorption period in dark, the subsequent 3 h was the photocatalysis period under 365 nm 
UV light. 
 
Figure 3-1 Removal of Cr(VI) by TiO2 and TiO2-NH2 
 
As shown in Figure 3-1, when pure TiO2 was used, in the first stage, only 2.58 ppm Cr (VI) 
was adsorbed; in the second stage, nearly 4.18 ppm Cr(VI) was reduced. But when 




TiO2-NH2 was used, about 10 ppm of Cr(VI) was firstly adsorbed and the rest 10 ppm was 
removed in the second stage. The spectrum of the Total Cr was similar as Cr(VI), which 
shown in Figure 3-2. When pure TiO2 was used, in the first stage, only 2.43 ppm Total Cr 
was adsorbed; in the second stage, nearly 3.76 ppm Total Cr was reduced. But when 
TiO2-NH2 was used, 10.39 ppm Total Cr was adsorbed and 10.41 ppm Total Cr was 
removed in the second stage. This result indicated that Cr(VI) was reduced to Cr(III) and 
adsorbed onto the catalyst. 
 
Figure 3-2 Removal of Total Cr by TiO2 and TiO2-NH2 
 
As shown in Table 3-1, the remove efficiency of TiO2 for Cr(VI) was only 34.01% when 
TiO2-NH2 was 100%. For Total Cr, the remove efficiency of TiO2 was 31.74% and 
TiO2-NH2 was 95.90%. For TiO2, the produced Cr(III) was only 34.00% of the initial Cr(VI), 
while it was 100% for TiO2-NH2, indicating the photocatalytic efficiency was much faster of 
TiO2-NH2. The comparison between pure TiO2 and TiO2-NH2 revealed that the silane 




coupling agent was successfully attached to TiO2 after modification and the modification 
process could largely promote the reduction and adsorption capacity of TiO2 for Cr(VI). 
Table 3-1 Removal of Cr(VI) (ppm) and Total Cr (ppm) by TiO2 and TiO2-NH2 
Catalyst TiO2 TiO2-NH2 
Initial Cr(VI) 19.89 19.84 
Final Cr(VI) 13.13 0 
Cr(VI) remove (%) 34.01 100 
Initial Total Cr 19.50 21.70 
Final Total Cr 13.31 0.89 
Total Cr remove (%) 31.74 95.90 
Produced Cr(III) 6.76 19.84 
Produced Cr(III)/Initial Cr(VI) (%) 34.00 100 
 
Table 3-2 shows the removal efficiency by TiO2-NH2 in different time intervals. For Cr(VI), 
the efficiency reached 96.36% at 1.5 h; at 2.5 h, it was 99.6%; at 3.5 h, the efficiency could 
reach 100%. For Total Cr, the remove efficiency was 88.71% at 1.5 h; at 2.5 h, it was 
93.86%; then it reached at 95.88% at 3.5 h, which indicated that only a small part of Cr(III) 
was remained in the solution, the main portion was adsorbed onto the TiO2-NH2. 
Table 3-2 Removal efficiency of Cr(VI) and Total Cr by TiO2-NH2 
TiO2-NH2 
Remove efficiency  
of Cr(VI) (%) 
Remove efficiency  
of Total Cr (%) 
1.5 h 96.36 88.71 
2.5 h 99.60 93.86 
3.5 h 100.00 95.88 
3.2 Cr(VI) reduction by differently modified TiO2-NH2 
In order to compare the performance of different modified TiO2-NH2 photocatalytic 
reduction of Cr(VI), TiO2 modified by different volume of silane solution (1 mL, 1.25 mL, 




1.5 mL, 1.75 mL) were used to photocatalytic reduce Cr(VI) to Cr(III) under UV light. The 
results were shown in Figure 3-3. As depicted in Figure 3-3, the remove spectrums for 
different modified TiO2-NH2 are extremely similar. The remove efficiency was 100%, 100%, 
100% and 97.65%, respectively. This indicated that the volume of silane solution was 
enough to fully react with TiO2. Therefore, in order to ensure the TiO2 was modified the 
most, TiO2 modified with 1.5 mL silane solution was used to test the performance of the 
catalyst. 
 
Figure 3-3 Removal of Cr(VI) by different TiO2-NH2 
3.3 Cr(VI) reduction and adsorption by TiO2-NH2 under different pH 
In order to compare the performance of photocatalytic reduction and adsorption of Cr(VI) by 
TiO2-NH2 under different pH, TiO2-NH2 were tested under initial pH varying from 1 to 9. 
The results were shown in Figure 3-4 (removal of Cr(VI)) and Figure 3-5 (removal of Total 
Cr). Accompanied with the data shown in Table 3-3, the results indicated the optimal pH for 




TiO2-NH2 removing Cr(VI) and Total Cr was 3-5. The removal efficiency of Cr(VI) and 
Total Cr all could reach above 95% when pH was 3-5. 
 
Figure 3-4 Removal of Cr(VI) by TiO2-NH2 under different pH 
 
Figure 3-5 Removal of Total Cr by TiO2-NH2 under different pH 




When the solution was too acidic (pH=1-2), Cr(VI) still could be removed (>99%); but Total 
Cr remove efficiency was very low (<50%), indicating that the adsorbed Cr(III) could be 
dissolved in acidic solution. When the solution was neutral or alkaline (pH=6-9), the remove 
efficiency both for Cr(VI) and Total Cr obviously got worse, owing to the photocatalytic 




Figure 3-6 Species distribution of Cr(VI) and Cr(III) depending on pH (Liu et al. 2014b) 




Figure 3-6 shows the species distribution of Cr(VI) and Cr(III) depending on solution pH. 
As can been seen, when the pH is above 5, the Cr(III) will start to precipitate. Since the pH 
of reaction system will change during the photocatalytic reduction process, it cannot be 
confirmed whether the reduced Cr(VI) is precipitated or adsorbed onto the catalyst. 
Therefore, the initial pH and final pH before and after reaction were measured, as shown in 
Table 3-3. When the initial pH was 3, the final pH was 3.93, under this situation, the Cr(III) 
still exist in the ion state. But since the Total Cr was also removed, it could conclude that the 
Cr(III) was adsorbed onto the catalyst instead of precipitated.  
Table 3-3 Change of solution pH and remove efficiency (%) under different initial pH  
pH 1 2 3 4 5 6 7 8 9 
Initial pH 1.02 2.02 3.02 3.99 5.03 5.98 7.07 8.05 9.01 
Final pH 1.04 1.98 3.93 7.51 7.78 7.90 7.98 8.01 8.13 
Cr(VI) remove 99.45 99.72 100.00 100.00 98.94 91.94 78.03 74.38 69.24 
Total Cr remove 18.71 47.64 95.88 99.54 97.94 92.98 79.60 77.39 70.39 
3.4 Cr(VI) reduction and adsorption under different Cr(VI) concentration 
The performance of TiO2-NH2 photocatalytic reduction and adsorption of Cr(VI) was also 
investigated under different initial Cr(VI) concentrations: 10 ppm, 20 ppm, and 30 ppm. The 
results were shown in Figure 3-7 (removal of Cr(VI)) and Figure 3-8 (removal of Total Cr). 
The calculated mass ratio of initial Cr(VI) concentration and catalyst were 9.97 mg/g, 19.84 
mg/g and 27.72 mg/g respectively. From Figure 3-7, we could conclude that with the 
increase of mass ratio (initial Cr(VI) concentration and catalyst), the removing performance 
got worse. 





Figure 3-7 Removal of Cr(VI) by TiO2-NH2 under different initial Cr(VI) concentrations 
 
 
Figure 3-8 Removal of Total Cr by TiO2-NH2 under different initial Cr(VI) concentrations 
 
Table 3-4 gives the removal efficiency of Cr(VI) and Total Cr under three different 




concentrations. When the initial Cr(VI) concentration was 10 ppm, the catalyst could adsorb 
the most part of Cr(VI), and it only took 15 min for photocatalysis to remove the remaining 
Cr(VI); the Total Cr could also be removed 86.79% at 1.5 h. When the concentration was 30 
ppm, the removal efficiency for Cr(VI) and Total Cr still could reach 91.76% and 87.31%, 
respectively. 
Table 3-4 Removal of Cr(VI) and Total Cr under different initial Cr(VI) concentrations 













10 ppm 9.97 0.16 98.37 (1.5h) 9.69 1.28 86.79 (1.5h) 
20 ppm 19.84 0 100.00(3.5h) 21.70 0.89 95.90 (3.5h) 
30 ppm 27.72 2.28 91.76 (3.5h) 28.05 3.56 87.31 (3.5h) 
 
The result reminds that when the Cr(VI) concentration is very low, the catalyst can remove 
the Cr(VI) just by adsorption. Only when the concentration is high, it can be removed by 
combined adsorption and photocatalysis. This gives an alternative for treatment of Cr(VI) 
pollutions. 
3.5 Cr(VI) reduction and adsorption by different initial TiO2-NH2 dosage 
In order to investigate the performance of TiO2-NH2 under different dosage, different initial 
TiO2-NH2 dosage (0.2, 0.5, 1, 1.5 g L-1) were used to photocatalytic reduce Cr(VI) to Cr(III) 
and adsorb Cr(III) under UV light. The results were shown in Figure 3-9 (removal of Cr(VI)) 
and Figure 3-10 (removal of Total Cr). The calculated mass ratio of initial Cr(VI) 
concentration and catalyst were 99.45 mg/g, 39.78 mg/g, 19.89 mg/g and 13.26 mg/g 
respectively. From Figure 3-9, it could be concluded that with the increase of mass ratio 
(initial Cr(VI) concentration and catalyst), the removing performance got worse, which was 




consistent with the result of Figure 3-7. 
 
Figure 3-9 Removal of Cr(VI) by TiO2-NH2 under different TiO2-NH2 dosage 
 
Figure 3-10 Removal of Total Cr by TiO2-NH2 under different TiO2-NH2 dosage 
 




Table 3-5 Removal of Cr(VI) and Total Cr under different TiO2-NH2 dosage 













0.2 g L-1 19.89 13.32 33.03 (3.5h) 19.50 15.21 22.00 (3.5h) 
0.5 g L-1 19.89 3.57 82.07 (3.5h) 19.50 6.46 66.87 (3.5h) 
1 g L-1 19.89 0 100.00(3.5h) 21.70 0.89 95.90 (3.5h) 
1.5 g L-1 19.89 0.082 99.59 (2.5h) 19.50 1.00 94.87 (2.5h) 
 
Table 3-5 gives the removal efficiency under different dosage. As can been seen from Table 
3-5, when the dosage was 0.2 g L-1, the Cr(VI) and Total Cr remove efficiency were only 
33.03% and 22.00%. When the dosage was 0.5 g L-1, the Cr(VI) and Total Cr remove 
efficiency were 82.07% and 66.87%. When the dosage was 1 g L-1, the Cr(VI) and Total Cr 
remove efficiency were 100.00% and 95.90%. When the dosage was 1.5 g L-1, the Cr(VI) 
and Total Cr remove efficiency could reach 99.59% and 94.87% at a more rapid rate. This 
reveals that with the increasing of dosage, the performance is better both for Cr(VI) and 
Total Cr. 
3.6 Summary 
In this chapter, the synthesized TiO2 and modified TiO2 (TiO2-NH2) were used to 
photocatalytic reduction and adsorption of Cr(VI) under UV light. The performance of 
TiO2-NH2 was obviously better than the pure TiO2 not only in adsorption but also in 
photocatalytic reduction. TiO2-NH2 could effectively reduce Cr(VI) to Cr(III) and adsorb the 
Total Cr at optimal pH 3-5. When the Cr(VI) concentration is very low, the catalyst can 
remove the Cr(VI) just by adsorption. Only when the concentration is high, it can be 
removed by combined adsorption and photocatalysis. In addition, with the increasing of 
catalyst dosage, the remove performance is better both for Cr(VI) and Total Cr. 




Chapter 4 Characterization of catalyst 
4.1 FESEM & EDS analysis 
The property of TiO2 was closely connected with the surface area, pore size distribution and 
functional groups. In order to confirm whether the silane coupling agent was successfully 
attached to TiO2 and figure out the relationship between the constitution with photocatalytic 
and adsorption performance. Various techniques (FESEM, EDS, FTIR, TGA, BET and XRD) 
were carried out to characterize the catalysts TiO2, TiO2-NH2 and TiO2-NH2 after 
photocatalytic reaction (defined as TiO2-NH2-Cr). FESEM was used to observe the surface 
properties and EDS was performed to determine the elements in the catalysts. The results are 
as shown in Figure 4-1. As can be seen from Figure 4-1 (a-c), before the modification, the 
pure TiO2 particle seemed rougher, then after the modification, TiO2-NH2 the particle 
became furrier. What’s more, there was no significant difference between the TiO2-NH2 and 
TiO2-NH2-Cr. The EDS results are as shown in Figure 4-1 (d-f). Before modification, there 
was no Si peak and Cr peak in the spectra (Figure 4-1 (d)). However, after modification, the 
Si peak appeared in the catalyst, which proved that the silane coupling agent was 
successfully attached to TiO2 (Figure 4-1 (e)). In addition, after the photocatalytic reaction, 
the peak of Si became weaker and the Cr peak appeared in the catalyst, which proved that 
the Cr was adsorbed onto the modified TiO2 (TiO2-NH2) and the silane coupling agent on 
TiO2 was becoming less. According to the mass percentage given by the EDS, the element of 
Cr accounted for about 5% of the total weight of TiO2-NH2-Cr. This further proved that after 
the photocatalytic reaction, Cr was adsorbed onto TiO2-NH2. 
 
 




(a)                                       (d) 
 
(b)                                       (e) 
(c)                                       (f) 
 
Figure 4-1 SEM images of (a) TiO2, (b) TiO2-NH2, (c) TiO2-NH2-Cr and EDS spectra of (d) 
TiO2, (e) TiO2-NH2, (f) TiO2-NH2-Cr 
4.2 FTIR analysis 
FTIR was used to investigate the molecular structure and functional groups of catalysts. The 
FTIR results are shown in Figure 4-2. 






























Figure 4-2 FTIR spectra of (a) TiO2, (b) TiO2-NH2, (c) TiO2-NH2-Cr 
 
As shown in the FTIR spectra, TiO2 exhibited bands at 3300-3600, 1630, 1143, 1050 and 
530 cm-1. The wide absorption bands at the region of 3300–3600 cm-1 were ascribed to O–H 




(hydroxyl) stretching vibration. The band at 1630 was attributed to O–H stretching of water 
molecules (Wang et al. 2013). The bands at 1143 and 1050 cm-1 were sulfate group. The 
band at 530 cm-1 was from Ti-O vibration. As shown from Figure 4-2 (b), the TiO2-NH2 
presented new bands at 2932 and 1123 cm-1. The band at 2932 was come from the methylene. 
The band at 1123 cm-1 was attributed to amine group, which proved that the silane solution 
was attached to TiO2 after modification. After the modified catalyst react with Cr(VI) under 
UV light, these groups at 2932 and 1123 cm-1 disappeared (Figure 4-2 (c)), proved that these 
group has functioned in the process or attached with other groups. 
4.3 TGA analysis 
Thermogravimetric analysis (TGA) was carried out to investigate the weight change of 
catalysts when the temperature rose. Figure 4-3 is the TGA spectrum of different catalysts in 
different conditions. 
 
Figure 4-3 Thermo gravimetric analysis of (a) TiO2, (b) TiO2-NH2, (c) TiO2-NH2-Cr, (d) 
TiO2-NH2, stirring 3 h in dark, (e) TiO2-NH2, stirring 3 h under UV light 




Table 4-1 gives the weight loss of different catalysts during different temperature intervals. 
When below 100 °C, the weight loss was mainly water vapor. Above 600 °C, the phase of 
TiO2 would change from anatase to rutile (Daghrir et al. 2013) and lost some weight. From 
100 °C to 600 °C, the lost weight was mainly from organic groups. As can be seen from 
Table 4-1, the pure TiO2 lost the smallest weight and the TiO2-NH2 lost the largest weight, 
indicating that the organic group on the TiO2-NH2 was the most amounts, which could 
assistant to illustrate the amine group was successfully attached to TiO2. The TiO2-NH2 
stirring 3 h in dark and stirring 3 h under UV light would lose 3.52% and 1.27% of the total 
weight, which was less than the TiO2-NH2, indicating stirring could lead to the organic 
group loss and stirring under UV light would cause more. However, the TiO2-NH2-Cr would 
lose 3.04% of the total weight, which was more than TiO2-NH2 stirring 3 h under UV light, 
demonstrating that some group was bonded onto the catalyst again. This was consistent with 
EDS result, which has proved Cr was adsorbed onto TiO2-NH2 after the photocatalytic 
reaction. 
Table 4-1 Weight loss of catalysts during different temperature intervals 
Weight loss (%) <100 °C 100-600 °C >600 °C 
a 0.94 1.21 2.86 
b 0.82 5.48 1.06 
c 0.94 3.04 2.72 
d 0.57 3.52 2.57 
e 0.88 1.27 2.08 
(a) TiO2, (b) TiO2-NH2, (c) TiO2-NH2-Cr, (d) TiO2-NH2, stirring 3 h in dark, (e) TiO2-NH2, 
stirring 3 h under UV light 
4.4 BET analysis 
The surface property and pore architecture of pure TiO2 and TiO2-NH2 were investigated by 
BET analysis, which is the most widely used procedure for determine the surface area of 




solid materials. Figure 4-4 shows the nitrogen adsorption-desorption isotherms by pure TiO2 
and TiO2-NH2. 
 
Figure 4-4 Nitrogen adsorption-desorption isotherms of TiO2 and TiO2-NH2 
 
Figure 4-5 Pore size distributions of TiO2 and TiO2-NH2 
 




As can been seen from Figure 4-4, TiO2 and TiO2-NH2 both exhibited typical type IV pattern 
isotherm according to the IUPAC (International Union of Pure and Applied Chemistry) 
classification, demonstrating that they were both mesoporous materials. In addition, Figure 
4-5 shows the pore size distributions of TiO2 and TiO2-NH2, the pore diameter ranged from 
2-15 nm, indicating that the pores were mainly mesoporous, which was consistent with the 
nitrogen adsorption-desorption isotherms. From the pore size distributions shown in Figure 
4-5, TiO2 and TiO2-NH2 had peaks at 5.21 nm and 7.50 nm, respectively. This reveals that 
the pore size of TiO2-NH2 was bigger than TiO2. Furthermore, the pore size distribution of 
TiO2 was more concentrated than TiO2-NH2, indicating that the structure of TiO2 was more 
uniform than TiO2-NH2. 
Table 4-2 gives desorption surface area for different pore sizes of TiO2 and TiO2-NH2. The 
mesopores (2-50 nm) and macropores (>50 nm) was calculated from the BJH desorption 
pore distribution report. And the pore area of micropores (<2 nm) could be calculated by the 
following equation: micropore area = BET surface area - t-Plot external surface area. The 
surface area of macropores for TiO2 and TiO2-NH2 were both extremely small, which could 
be ignored. Compared with TiO2, the surface area of micropores and mesopores were both 
smaller for TiO2-NH2, indicating that the modification process would cause the surface area 
decrease. 
Table 4-2 Desorption surface area of different pore sizes 
Catalyst 
Desorption pore area (m2 g-1) 
Micropores (<2 nm) Mesopores (2-50 nm) Macropores (>50 nm) 
TiO2 27.41 81.22 0.59 
TiO2-NH2 6.33 38.11 0.67 
 
Table 4-3 gives the surface area and pore properties of TiO2 and TiO2-NH2. As can been 
seen, the BET surface area and pore volume both decreased while the average pore diameter 




increased after modification. Since the BET analysis was conducted at 77 K, under this low 
temperature, there was no chemisorption happened (Whitten & Yang 1996). The nitrogen 
adsorption was only caused by physisorption. The surface area of TiO2-NH2 was smaller 
than TiO2 means the physisorption capacity of TiO2-NH2 was poor. However, according to 
the results of Cr(VI) reduction and adsorption by TiO2 and TiO2-NH2 under UV light, 
TiO2-NH2 could adsorb more Cr indicating that chemisorption contributed more to Cr 
adsorption instead of physisorption. Moreover, compared with TiO2, the average pore 
diameter of TiO2-NH2 slightly increased might be caused by the attachment of silane 
coupling agent to the catalyst. 
Table 4-3 Surface area and pore properties of different catalysts 
Catalyst 
BET surface area 
(m2 g-1) 
BJH desorption pore 
volume (cm3 g-1) 
BJH desorption average 
pore diameter (nm) 
TiO2 67.39 0.13 6.46 
TiO2-NH2 23.52 0.066 6.82 
4.5 XRD analysis 
TiO2, TiO2-NH2 and TiO2-NH2-Cr were all anatase; their corresponding XRD patterns are 
shown in Figure 4-6. The lattice planes included (101), (004), (200), (105), (211) and (118). 
From the XRD patterns of TiO2, TiO2-NH2 and TiO2-NH2-Cr, it could be seen that there was 
no significant difference of the crystal structure, while the TiO2-NH2 had higher crystallinity. 
The broaden peaks indicated the crystal particles were in nano-sizes (Lin & Li 2015), which 
was consistent with the BET analysis results. 
 





Figure 4-6 XRD patterns of TiO2, TiO2-NH2 and TiO2-NH2-Cr 
4.6 Mechanism 
Based on the experiments and characterization above, a photocatalytic reduction and 
adsorption mechanism was proposed, as shown in Figure 4-7. At first, the TiO2-NH2 
particles adsorb Cr(VI) ions from the aqueous solution. With the UV light irradiation, the 
electrons on the VB would be excited to CB, forming high active negatively charged 
electrons, subsequently reducing Cr(VI) to Cr(III). As the results demonstrated by FESEM, 
EDS, FTIR and TGA analysis, compared with pure TiO2, the attached silane coupling agent 
had function in the photocatalytic process, which largely promoted the Cr(VI) reduction 
process. One possible reason for this result could be attributed to the acceleration of charge 
transfer rate after modification (change of pore size, surface structure and so on). Another 
possible reason might be that Cr(VI) has oxidized the amine moiety, which has the reducing 
capacity (Wang et al. 2013). In the adsorption process, as BET analysis demonstrated, 
chemisorption contributed more to Cr adsorption instead of physisorption. Therefore, after 




Cr(VI) reduction process, the catalyst would adsorb the reduced Cr(III) by the coordination 
of N 2p electrons on amine with the empty 3d orbitals of chromium species.  
 
 
Figure 4-7 Schematic illustration of photocatalytic reduction and adsorption 
4.7 Summary 
In this chapter, different techniques (FESEM, EDS, FTIR, TGA, BET and XRD) were used 
to characterize the catalysts. FESEM, EDS, FTIR and TGA analysis revealed that the silane 
coupling agent was successfully attached to TiO2 after modification and Cr was adsorbed 
onto TiO2-NH2 after the photocatalytic reaction. FTIR results also indicated that the amine 
group had some function in the photocatalytic process. BET analysis demonstrated that TiO2 
and TiO2-NH2 were both mesoporous materials and chemisorption contributed more to Cr 
adsorption instead of physisorption. XRD analysis revealed that TiO2-NH2 had higher 
crystallinity. 
 




Chapter 5 Conclusions and future work 
5.1 Main conclusions 
In this study, the TiO2 was synthesized by hydrothermal method and functionalized by silane 
coupling agent (3-(2-Aminoethylamino)-propyltrimethoxysilane) (AAPTMS). After 
amine-functionalization, the remove efficiency for Cr(VI) and Total Cr of TiO2-NH2 were 
both significantly enhanced compared with pure TiO2. The optimal pH for TiO2-NH2 
removing Cr(VI) and Total Cr was pH 3-5. When Cr(VI) concentration is low (10 mg/L), the 
TiO2-NH2 can remove Cr(VI) just by adsorption; when Cr(VI) concentration is high (30 
mg/L), it can be removed by simultaneous adsorption and photocatalysis. With the 
increasing of TiO2-NH2 dosage, the removing performance was better both for Cr(VI) and 
Total Cr. The better performance of TiO2-NH2 was due to successfully attachment of the 
silane coupling agent, which revealed by FESEM, EDS, FTIR and TGA analysis. The amine 
group had some function in the photocatalytic process and Cr was adsorbed onto the catalyst. 
The TiO2-NH2 had higher crystallinity and chemisorption contributed more to Cr adsorption 
instead of physisorption revealed by XRD and BET analysis. 
5.2 Future work 
The further investigation could be carried out from the following aspects. In order to reveal 
the mechanism more clearly, a UV-vis spectroscopic study could be carried on TiO2, 
TiO2-NH2 and TiO2-NH2-Cr, to calculate the bandgap. Moreover, TiO2, TiO2-NH2 and 
TiO2-NH2-Cr could be analyzed by XPS to investigate the valence of Cr and distribution on 
the catalyst after photocatalytic process. A photoluminescence study using fluorescence 
spectrophotometer is also needed. In addition, desorption of Cr from the catalyst could be 




tested by soaked in acidic solutions. Then, the desorbed catalyst could be soaked in alkaline 
solution or remodification to regenerate, and the reuse of catalysts could be investigated. 
Futhermore, different silane coupling agents could be used to modify TiO2, such as 
(3-aminopropyl) triethoxysilane, (3-Glycidyloxypropyl) triethoxysilane and 
3-triethoxy-silylpropyl-tetrasulfane. The photocatalytic and adsorption performance could be 
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